Abstract Dust aerosol is important in the Earth system, but the relative impact of meteorological mechanisms on North African dust emission remains unclear. This study presents the first climatology of dust emission amounts associated with Harmattan surges (HSs), characterized by postfrontal strengthening of near-surface winds. A new automated identification uses their strong isallobaric winds as an indicator for HSs in 32 years of ERA-Interim reanalysis. Their impact on dust aerosol emission is estimated by combining the identified events with derived dust emissions. The estimate highlights that about one third of the total emission mass is associated with HSs. Spring shows the largest associated emissions of 30-50% of the monthly totals consistent with the largest number and duration of HSs. Regional emission contributions of up to 80% in the north coincide with the overall largest emission maxima in spring. The importance of HSs for dust emission implies that aerosol-climate models need to accurately represent synoptic-scale storms.
Introduction
One of the largest uncertainties in understanding the Earth system is currently associated with aerosol. Mineral dust constitutes the largest fraction of aerosol mass in the troposphere and has a multitude of effects. These include effects on (1) the atmospheric transfer of radiation [e.g., Tegen and Lacis, 1996; Haywood et al., 2005; Allan et al., 2011] , (2) cloud properties and precipitation [e.g., Rosenfeld et al., 2001; Lohmann and Diehl, 2006; Min et al., 2009; Karydis et al., 2011; Shi et al., 2014] , (3) surface albedo and ecosystems [e.g., Krinner et al., 2006; Carslaw et al., 2010; Field et al., 2010] , and (4) air quality and human health [e.g., Ozer et al., 2007; De Longueville et al., 2010] .
Despite the importance of dust aerosol, climate and Earth system models have large uncertainties in dust emission [e.g., Huneeus et al., 2011; Evan et al., 2014; van Noije et al., 2014] . Improving dust simulations is difficult due to the scarcity of ground-based observations in remote desert regions. A key uncertainty in dust emission modeling is the near-surface wind speed [e.g., Timmreck and Schulz, 2004] , so that evaluating processes that drive these winds is a promising approach for model improvements. Different atmospheric processes are known for generating dust-emitting winds in North Africa [e.g., Knippertz and Todd, 2012] , the largest and most active dust source on Earth [e.g., Prospero et al., 2002] . Recently, the assessment of their climatological importance has been started through identifying associated emission amounts Heinold et al., 2013] . The results highlight nocturnal low-level jets (NLLJs) and convective cold pools as dust-emitting mechanisms with different seasonal and regional importance Heinold et al., 2013] , but these do not explain the overall largest emission maximum along the northern fringes of the Sahara in winter and spring. Here mobile and long-lived cyclones occur but do not coincide with the majority of these emissions . It remains therefore unclear what process causes that emission maximum.
The season and region point to a possible relevance of Harmattan surges (HSs). HSs manifest themselves as postfrontal strengthening of near-surface winds accompanied by a band of strong isallobaric ageostrophic wind (IW) during an extratropical cold-air intrusion [Knippertz and Fink, 2006] . Different regions are known for their occurrence, typically in the lee of mountains [e.g., Garreaud, 2001; Knippertz and Fink, 2006; Kaplan et al., 2011] . HSs are associated with an upper level trough, schematically depicted in Figure 1 for North Africa. These are mostly positively tilted and present during 20% of the time in winter [Fröhlich and Knippertz, 2008] . Closer to the surface, HSs take the form of a trailing front typically to the west of an eastward moving cyclone (Figure 1a ). An impressive HS occurred between 1 and 6 March 2004 [Knippertz and Fink, 2006; Li et al., 2007 ; Shown are geopotential height (contours), geostrophic winds (wind barbs), isallobaric winds (shaded) at 925 hPa, and total dust emission exceeding 10 −8 kg m −2 s −1 (yellow) and 10 −7 kg m −2 s −1 (red) during the last 3 h from ERA-Interim data. Min et al., 2009; Shao et al., 2010; Mangold et al., 2011; Gläser et al., 2012] , shown in Figure 1b . The equatorward advection of the extratropical air rapidly increases the near-surface pressure, which causes strong postfrontal near-surface winds. These mobilize dust that marks the front (Figure 1c ). The decreasing Coriolis parameter toward the equator prevents a quick adjustment of the atmospheric flow, in contrast to higher latitudes, where the Coriolis force helps to limit the spatial impact of similar storms [Kaplan et al., , 2013 Lewis et al., 2011] . In consequence, HSs propagate over long distances, activating dust sources across the entire North Africa (Figure 1d ). The southward advection, e.g., indicated by the typical pressure pattern of HSs in Klose et al. [2010] , and trans-Atlantic transport [e.g., Shao et al., 2010] of dust from HSs point to their wide influence. Despite their impact, a climatology of their occurrence and associated emission mass is missing.
In the present article HSs are identified in reanalysis over 32 years with a new automated detection. The associated dust emission amount is estimated to better understand the relative importance of HSs compared to other mechanisms. The article is organized as follows. First, the HS detection and the data are described in section 2. Second, a case study is presented as illustration of the method in section 3.1 followed by the mean annual cycle of HSs and their interannual variability (sections 3.2 and 3.3). Section 4 discusses the implications of HSs with respect to other processes, and section 5 presents conclusions.
Method

Model Data
This study makes use of ERA-Interim reanalysis and forecasts from the European Centre for Medium-Range Weather Forecasts [Dee et al., 2011] . Meteorological fields from the 6-hourly reanalysis with a horizontal resolution of 1 ∘ are used for the automated detection of HSs. ERA-Interim does not provide dust emission which is therefore calculated with the model by Tegen et al. [2002] . The dust emission model is run with instantaneous near-surface winds and soil moisture from 3-hourly ERA-Interim forecasts, which sufficiently capture subdaily variability . These forecasts are initialized at 00 and 12 UTC with lead times of up to 12 h and simulate similar winds like the reanalysis product . The setup of the dust emission model follows previous studies Heinold et al., 2013] . The modeled dust emissions and winds have been evaluated with available observations and intercompared with different models Evan et al., 2015] . A summary of these evaluations and further observational evidence is provided in the supporting information.
Automated Detection
HSs are defined by rapidly increasing postfrontal winds, typically affecting northwestern Africa initially and large parts of the Sahara thereafter. For their automated identification, IWs [e.g., Lewis et al., 2011] are calculated at 925 hPa, which are strong due to the rapid change in geopotential height in the postfrontal air. The spatial gradient in the IW is approximated by centered differences considering the neighboring grid boxes, while the geopotential height tendency is calculated over the previous 12 h. Using a period of 6 h gives rather noisy IWs and 24 h misses some peak intensities, such that 12 h has been chosen as compromise.
A filter needs to be applied to avoid detections of spurious IW features. Based on sensitivity tests, HSs are successfully identified if the IW exceeds 7 m s −1 in at least five grid boxes in the area 25 ∘ -38 ∘ N and 15 ∘ W-30 ∘ E (marked in Figure S1a ). The detection area is motivated by the initial influence on northern areas due to the equatorward intrusion of extratropical air. Regions where the 925 hPa level lies below the orography are excluded. The threshold of five grid boxes reflects the banded structure of strong IWs on the order of 500 km. Using a larger number eliminates spurious features but delays the HS detection to later stages such that associated emission at early stages would be missed. Consecutive identifications are treated like a single event in the statistical analysis.
Dust emission from all North African sources is associated with an HS up to 36 h after the last detection. This time period is motivated by ongoing emissions at late stages, when slower pressure changes cause below-threshold IWs. The setup with these thresholds is termed M-7 hereafter. In total, four setups are shown as uncertainty measure: IWs exceeding 7 m s −1 (7) and 9 m s −1 (9) in at least five (M) and nine (L) grid boxes. The sensitivity to these thresholds is discussed with the climatology. Case studies illustrate the utility of the method next.
Results
Case Studies
The widely discussed HS in March 2004 [e.g., Knippertz and Fink, 2006] is briefly investigated here and another three cases of variable strength in the supporting information. These HSs are qualitatively reproduced and successfully detected with the data and method used here. (Figure 1a ). Strong near-surface winds mobilize dust [Knippertz and Fink, 2006] successfully simulated here (Figure 1a ). During the following night, the depression over the Hoggar Mountains shifts eastward and the HS propagates in southerly direction leading to more widespread intense emission over West Africa (Figure 1b) . As the upper level trough moves eastward during the subsequent days (Figures S1i-S1l), the HS is associated with dust-emitting winds in more southern and eastern parts of the Sahara (Figures S1b-S1f ). These emissions cause the dust suspended behind the long-trailing front as seen in satellite observations ( Figure S2 ) [e.g., Knippertz and Fink, 2006] . The continental-scale impact of HSs on emissions, like in March 2004 and 2006 (Figures 1b and 1d and S1 and S2) , motivates the association of emissions from the entire North Africa. Even though this may be a generous assumption, case studies of detected short-lived events show substantially smaller associated emissions ( Figures S3-S5 ) despite using the same method for assigning emissions. This evidence is further supported by the climatology of HSs shown next.
Annual Cycle 3.2.1. Number and Duration of HSs
In order to reflect the variety in HS characteristics and the uncertainty in their detection, HS climatologies are shown for different thresholds (Table S1 ). M-7 events occur 34 times per year, 21 of which are particularly large (L-7) at the time of first detection. M-9 and L-9 surges are less frequent with a total number of 12 and 6, respectively. Most of the events are detected in spring, shown by the annual cycle of the occurrence of HSs in Figure 2a . The overall maximum of seven M-7 events occurs in April, more than half of which are particularly large (L-7) but less than three with strong IWs exceeding 9 m s −1 (M-9). L-9 events are even less frequent with one event in the long-term mean for March and April. July and October have the fewest HSs, while winter months are characterized by three to four M-7 events. The number of occurrence does not allow a conclusion on the development and impact on emission of HSs; e.g., a strong HS could be short lived limiting the impact on emission compared to a moderately strong but long-lived case. This motivates an analysis of the duration of HSs. The duration is calculated as the monthly mean time difference between the first and last detection of above-threshold IWs. Figure 2b shows that the annual cycle of the duration is similar to the number of events, suggesting that spring has the most frequent and the longest HSs so that their impact on dust emission is likely to be strongest. The maximum duration in April is 84 h for M-7 surges, 53 h for L-7, and 26 h for M-9. M-7 surges in winter last for 35-55 h which is in good agreement with the mean duration of the influence of upper level troughs [Fröhlich and Knippertz, 2008] .
Associated Dust Emission
In the annual mean 32% of the total dust emission is associated with M-7 HSs, which corresponds to 133.3 Tg/yr (Table S1 ). Requiring stronger IWs in a larger area reduces the amount of associated emission to 10% for L-9 events, which is nevertheless substantial in light of only six L-9 HSs in the annual mean. In comparison, mobile cyclones are associated with 4% of the annual emission total but occur almost twice as frequently as L-9 HSs . Figure 2c shows the annual cycle of the total and relative mass of dust emission associated with HSs. The contribution of M-7 events to emissions shows a clear maximum of 250 g m −2 in March which represents 50%
of the dust mass in the long-term average across North Africa for this month. Three quarters of these emissions are associated with HSs that were initiated west of 15 ∘ E with an emission mean of 190 g m −2 in March (not shown). Using more restrictive thresholds reduces the associated emission to a maximum contribution of 30% in March for L-9 events, which is substantial given their rare occurrence (Figure 2a ). The maxima in associated emission occurs 1 month earlier than the maximum in the number of M-7 HSs (Figure 2a ), reflecting the slightly fewer but more intense HSs and the larger total emission mass in March. The contribution from M-7 HSs decreases to 40% in May followed by a steep decline over the summer months in agreement with few identified events in this season. Dust emission associated with M-7 HSs increases from September onward but remains well below 40% until January. February emissions associated with HSs constitute 42% of the monthly totals corresponding to an amount of 140 g m −2 per month. This annual cycle is similar for all thresholds with increasing seasonal differences for larger associated emissions.
The spatial distribution of emission associated with M-7 HSs highlights distinct differences between months, shown in Figure 3 . Associated emissions in January are mostly limited to areas north of 25 ∘ N with regional contributions of 20-80% to the total emission (Figure 3a) , when only few HSs occur over the continent. Areas farther south show an increase in associated emission between February and May, when events are most frequently detected near the Atlas Mountains and over Libya (Figures 3b-3e ). Particularly, March shows fractions of 30-80% of the total emission in association with HSs ( Figure 3c ). This is the time of year when HSs occur frequently and are particularly intense (section 3.2.1). Regional maxima in March are 66% for the rare L-9 events (not shown) underlining the large impact of HSs on emission even when more restrictive criteria are applied. These reductions for L-9 events occur primarily in the northwest (not shown) reflecting the later detection of HSs. June to October are comparably calm with the overall smallest contribution of less than 10% to the emission in August (Figures 3f-3j ). November and December show again regional maxima in associated emission with 20-80% for M-7 events, but these are limited to smaller areas than at the beginning of the year (Figures 3k and 3l ). These patterns in monthly associated emissions are robust against changes in thresholds for the HS detection. Figure 4a shows the time series of the annual total number of HSs, which indicate positive but insignificant trends (Table S1) Figure 4b shows the time series of the annual emission anomalies, calculated as the difference between the annual totals and the long-term average of annual emissions for values associated with HSs and for values for all North African emission. This analysis allows one to categorize individual years relative to the climatological mean. The analysis highlights the overall largest anomaly in 2004 with 110 Tg more emission than usual.
Interannual Variability 3.3.1. Number of HSs
Associated Dust Emission
Relative to the long-term annual mean of 428 Tg/yr for 1979-2010 , this anomaly corresponds to one quarter of the total emission of North Africa. M-7 HSs are the main contributors to this anomaly with 100 Tg. Likewise, maximum anomalies are found for all other thresholds pointing to the unusually strong impact of HSs in 2004.
In order to assess the impact of individual events, emission anomalies are also calculated as monthly totals minus the long-term average of the same month (not shown). March 2004 has a maximum anomaly of 45 Tg more emission than in the climatological mean. This value corresponds to almost half of the annual anomaly Table S1 .
for 2004 (compare Figure 4b) . Other HSs show a lower impact on emission; e.g., March 2006 and 2007 are associated with about 15 Tg emission more than usual. These results underline the potentially high but variable impact of HSs on total emission.
Discussion
Uncertainty
The assessment of the importance of HSs for dust aerosol emission from a climatological perspective requires time-dependent and three-dimensional atmospheric data in combination with dust emission fluxes over a period of a few decades. Here ERA-Interim data and the dust emission model by Tegen et al. [2002] have been chosen. A similar investigation based on observations alone would not be feasible. The emission data in the present work have been used for identifying other atmospheric processes and their associated dust emission amounts and as benchmark for model intercomparison studies Evan et al., 2015] . In the absence of long-term observations of the dust emission flux, the model performance has been evaluated by using field campaigns, quality-controlled radiosondes, satellite retrievals, and another reanalysis product, the results of which are summarized in the supporting information.
Due to the sparse network of long-term quality-controlled observations in North Africa, a solid validation of near-surface winds and dust aerosol remains difficult. Some progress has been achieved through exploiting available observations [e.g., Fiedler et al., 2013; Allen and Washington, 2014] , showing differences in winds from reanalysis and observations at single stations. However, the poor spatiotemporal observation coverage over North Africa and local influences on stations are sources for uncertainty, so that local measurements must not be representative for the regional grid box mean in the reanalysis [e.g., Pinson and Hagedorn, 2012] . For instance, temporal mismatches of modeled and observed conditions can substantially impact sample statistics [e.g., Schutgens et al., 2015] . Resolving this debate requires more long-term quality-controlled observations from the Sahara.
The emission model in the present work has been developed and optimized for winds in coarse-resolution models [Tegen et al., 2002] . ERA-Interim provides the best near-surface winds among state-of-the-art reanalysis products [Decker et al., 2012; Largeron et al., 2015] . The derived emission shows the same seasonal pattern like another reanalysis wind data set, but the derived mass from ERA-Interim agrees better with other models . The performance of ERA-Interim is measured at synoptic scales [Dee et al., 2011] . A misrepresentation of HSs therefore seems unlikely, evidence of which has been provided through case studies in the supporting information.
Embedded Processes
A large fraction of the maximum in dust emission during spring has been associated with HSs. Their contribution to the total annual emission with 32% even exceeds the fraction associated with NLLJs of 15% , which is an important mechanism for North African dust mobilization. NLLJs play a comparably small role for emission along the northern fringes of the Sahara with typically 5-10% in winter and spring. Here HSs play the most important role for emitting dust aerosol with regionally up to 80%. Farther south NLLJs are associated with large emissions of up to 60% during winter and spring. Parts of them could be simultaneously associated with HSs strengthening NLLJs. For instance, dust storms over the Bodélé Depression are often associated with NLLJs [e.g., Fiedler et al., 2013; Schwanghart and Schuett, 2008; Washington and Todd, 2005] . Observations show their strengthening due to HSs [Todd et al., 2008] , but their impact on emissions is limited to the night and midmorning in contrast to HSs that affect emission throughout the day. The additional amplification of near-surface winds through the NLLJ mechanism therefore plays a small role for dust emission during a strong HS.
Dust emission associated with mobile cyclones forming simultaneously with a HS could be interpreted as part of the same synoptic situation. Emissions associated with mobile cyclones are incorporated in the emission estimate for HSs here but are much smaller. Fiedler et al. [2014] show that winds within a 10 ∘ circle around the center of mobile cyclones mobilize 4% to the total emission amount in the long-term mean. This cyclone climatology could miss weakly defined open systems, a common feature of all automated cyclone detections so that climatologies differ [Neu et al., 2013] . However, the method in Fiedler et al. [2014] identifies more cyclones in the Northern Hemisphere than other techniques, and deep cyclones are generally well captured [Neu et al., 2013] . The assignment of emissions to mobile cyclones in Fiedler et al. [2014] uses a search radius for dust emission that is twice as large compared to a study identifying winds as an indicator for the storm intensity [Bengtsson et al., 2009] . Moreover, Hodges et al. [2011] show that winds at 925 hPa in extratropical cyclones from ERA-Interim lie within the uncertainty of three other current reanalysis. A substantial underestimation of dust emission associated with mobile closed cyclones in Fiedler et al. [2014] seems therefore unlikely.
The results suggest that HSs contribute substantially more to the total emission in winter and spring than mobile closed cyclones or the additional amplification through NLLJs. A stringent separation of the contributions of these mechanisms to emissions is, however, not useful for a generic classification, since they can be linked to the same synoptic situation. These interactions underline the overall importance of the synoptic-scale conditions for dust aerosol production in North Africa during winter and spring.
Conclusions
This study statistically investigates the occurrence of Harmattan surges (HSs) and their impact on the North African dust emission mass for 1979-2010. With the aid of a new automated detection for HSs applied to ERA-Interim data, the first climatology of dust emission amounts associated with such storms has been produced. The method has been tested with different thresholds and evaluated with case studies. Requiring isallobaric ageostrophic winds of at least 7 m s −1 in five grid boxes suggests that HSs primarily occur and last longest during spring. Their occurrence frequency and duration in winter and summer are consistent with the statistics of upper level troughs [Fröhlich and Knippertz, 2008] , which are their synoptic-scale driver.
HSs have been associated with 30-50% of the monthly total emissions in spring spatially averaged and up to 80% regionally. This is the time of year with the largest emission over northern Africa, pointing to the strong impact of HSs on dust emission. Compared to the long-term average of HS emissions, March 2004 is unusual and substantially contributes to the overall largest anomaly in annual total emission. Summer shows the least emissions associated with HSs in agreement with their less frequent occurrence and shorter duration.
The large dust emission associated with HSs in winter and spring underlines the importance of an accurate representation of synoptic-scale storms for emission simulations. State-of-the-art models from CMIP5 disagree on dust emission [Evan et al., 2014] as well as the track density and strength of cyclones, raising concern for the credibility of future changes in such storms [Zappa et al., 2013] with implications going beyond dust aerosol. Comparing atmosphere only and coupled simulations suggests that differences in Mediterranean cyclones are caused by the atmospheric model component [Zappa et al., 2013] and linked to a bias in blocking frequency [Zappa et al., 2014a [Zappa et al., , 2014b . Bengtsson et al. [2009] show a good performance of ECHAM5 for near-surface winds in cyclones north of 25 ∘ N compared to ERA-Interim and observations but a decline of the model performance with coarser resolution. The strongest winds in these storms occur in the cool sector [Bengtsson et al., 2009] , similar to the much larger HSs over North Africa. In order to evaluate and possibly improve the key processes for dust-emitting winds from HSs in CMIP6 models, the storm dynamic of HSs needs to be better understood. Flow interaction with the Atlas Mountains helped in generating dust-emitting winds during the HS in March 2004, but several open questions remain [Gläser et al., 2012] . Unbalanced processes probably play an important role in the development of HSs [e.g., Kaplan et al., 2013] and will be further analyzed in an accompanying study.
